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ABSTRACT

COMPOSITIONAL ANALYSIS OF LUNAR AND PLANETARY
SURFACES USING NEUTRON CAPTURE GAMMA RAYS

Capture gamma-ray and cyclic activation spectra from
large granite and basalt models were obtained using a pulsed
14-MeV neutron source. Gamma rays from iron, silicon, oxygen,
sodium, hydrogen (basalt only), aluminum (granite only),
titanium (basalt only), and calcium (basalt only) were detected
from these materials using a 3 in. x 3 in. NaI(T1l) detector.
Inelastic neutron spectra were obtained with and without the
use of a neutron reflector (which is used for the capture
gamma-yay technique) to establish the compatability of the
inelastic and capture techniques. No interference was observed.

The development of computer codes to aid in the analysis
of complex high energy gamma-ray spectra was initiated. GAUSS,
a computer code developed by Heath et al., was modified to
enable the code to determine the intensities (peak areas) of
high energy gamma-ray lines. The modified program, GAUST, was
tested on gamma-ray lines from 1.78 to 7.6 MeV and is currently
being used to measure the intensity of gamma lines from iron,
oxygen and hydrogen. Other programs, such as the Linear
Least~Square Computer Program of Schmadebeck and Trombka, are

currently being evaluated.

T RESEARCH INSTITUTE
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A test of the capabilities of the combined neutron
experiment is planned for the Fall of 1968. The probe (containing
the 3.in. x 3 in, NaI(Tl) detector, the neutron generator and
the appropriate neutron and gamma-ray shielding) that will
be used during this test has been designed, fabricated, and
tested.

A comprehensive study is currently being made to
determine the advantages and disadvantages that a high resolution
Ge(Li) detector would afford the combined neutron experiment.

The preliminary spectra obtained with a 5 cm3

Ge(Li) detector
indicate that such detectors promise to greatly increase the
usable information obtainable from the combined mneutron

experiment.
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I. INTRODUCTION

One of the objectives of the space program is to ascertain
the composition of lunar and planetar§ surfaces. This information
is of great importance to those in the scientific coﬁmunity who
’are concerned with the origin and the evolution of the moon and:
plapets. Since it does not appear that a significant number
of samples will be available from the planets, remote analysiéﬁ{
of these surfaces is required; A technique for remote elemental
analysis, alpha~scattering, has beenvdevelpped and was success-
fully used>?p several of the Surveyor spacecraft.(l’z) However,
this technique is sensitive to a layer extending iny a few
microns below the surface and it cannot identify specific eleméﬁté'
with masses above approximately 40. For these reasons NASA’is.W
‘presently developing a combined neutron experiment(B? which has'
‘the capabilities of performing compositional analysis on a layer
extending 10 to 15 cm below the surface without any mass res-
‘trictions. .

This ebmbinéd experiment will utilize four different
-neutron analyticalgmethods (capture gamma-ray analysis, fast-
activation analysis, inelastic neutron scattering, and thermal
‘neutron die-away).  The four techniques are'being integrated
into a single paékage'and will usg/tHEMSéme gamma-ray detector,
_l4-MeV neutron source, andgmulfi;hannel pulse height analyzer.

Elemental compositions can be determined by three of the methods

11T RESEARCH INSTITUTE



(capture gamma-ray analysis, activation analysis, and inelastic
neutron scattering); the presence of hydrogen can be determined
by two of the methods (capture gamma-ray analysis and neutron
die-away); and density information will be provided by the
neutron die-away technique. Therefore, the combined neutron
experiment will provide elemental information with the desired
redundancy to provide cross~-checks.

The sketch below shows the time relationship of the gamma
rays present in the combined neutron experiment,w ineléétic'gamma-
rays are present only during the neutron pulse while the intensity
of the capture gamma rays builds up during the pulse and dies
away after the pulse. The activation gamma-ray intensity builds
up during each pulse and exhibits negligible decay between pulses

since the half-lifes are long compared to the time between'puises.
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-

I1T Researcﬁ Institute hastéen aséigned the responsibility
of developing the capture gamma-ray portion of the combined
‘experiment, and this report is primarily concerned with the
present status of the capture gamma-ray experiment which in-
cludes collection and analysis of the capture gamma-ray spectra.

During the first year of the research effort (May 1, 1966
to June 30, 1967) the feasibility of using the capture gamma-ray
and cyclic activation techniques with a pulsed source of high-
energy neutrons and a semi-infinite sample was demonstrated.

Pure sand and iron-sand samples were used for these studies.

The necessary electronics for gating of the pulse height analyzer
(PHA) and for routing of the data obtained during the two sampling
periods into different halves of the PHA memory were designed

.and constructed. During these initial studies it was found that
the intensity of the capture gamma rays could be greatly enhanced
by placing a hydrogenous reflector material above the neutron

- source, thereby utilizing some of the neutrons normally lost to
the atmosphere.

During the present reporting period the iron-sand sample
was replaced by homogeneous samples of crushed granite and basalt.
Several problems encountered during the first year were solved
and a more optimum neutron output was used, allowing sampling
to begin as soon as 10 pusec after the neutron burst. A lead
shield was placed between the reflector and the detector in order
- to shield the detector from hydrogen capture gamma rays produced

in the reflector. With this shield the detection of hydrogen
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can be accoﬁpliéhed without foffeiting the benefits of a neutron
reflector,

A Sandia generator was obtained during this reporting
period and it was successfully used to obtain capture, cyclic
activation, and inelastic gamma~-ray spectra from basalt. A
prototype probe was designed, constructed, and used with the
Sandia generator to obtain gamma-ray spectra from basalt.
Finally, computer programs for spectral analysis were evaluated
and investigations were begun to modify existing programs for

our use.

11T RESEARCH INSTITUTE



II,  EXPERIMENTAL PROCEDURES

The ultimate objective of the combined neutron experiment
has dictated the use of very large samples and a 14-MeV neutron
source for the development studies. A description-of.the ex-
perimental apparatus and procedures that have been used for the

capture gamma-ray portion of the experiment follows.

A, Experimental Apparatus

The gathering of the necessary capture and cyclic activa-
tion gamma-ray spectra requires the use of large samples. A
60~ x 60- x 30-in.-plywood box filled with a crushed sample
provided a very convenient approximation to a semi-infinite

medium. Samples of granite and basalt were used. The granite

is No. 1 mesh, Burnet Red Granite, and was obtained from the
Bilbrough Marble Co., Burnet, Texas. Its measured bulk density
is 1.50 gm/cm3. The basalt is 1/4 in.-to-20-mesh Knippa-type
basalt and was obtained from Trinity Concrete Products, Dallas,
Texas. TIts measured bulk density is 1.82 gm/cmB. Both the
granite and basalt are the same type used by Mills and Givens(4)
for their neutron dier~away experiments.

The detection of the gamma rays was accomplished using
a 3 in. x 3 in, NaI(Tl) crystal optically coupled to a RCA 8054
photomultiplier (PM) tube. A thermal neutron shield consisting

6
of Li%F (47 mg/cw® L1°) surrounded the erystal. Shielding of

the crystal from fast neutrons was accomplished by placing a
1T RESEARCH INSTITUTE



6-in.~-long shadow shield between the neutron source and the
crystal, Several shadow shield materials (copper, tungsten,
and molybdenum) and shapes (cylindrical and truncated cones)
were used. Various thicknesses of neutron reflector material
(polyethylene or paraffin) were placed above the neutron source
in order to increase the thermal flux on the surface of the
sample. The electronics used for data collection are discussed
in Section ITI,

Figures 2~1, 2-2, and 2-3 are photographs of the ex-
perimental setup showing the crystal, shadow shield, neutron

reflector, Van de Graaff, and electronics.

B. Neutron Monitoring

The IITRI Van de Graaff generator was used in the pulsed
mode to produce the 14-MeV neutrons for the capture gamma~ray
experiments via the H3(H2,n)He4 reaction, Previously(s? the
14-MeV neutron output of the Van de Graaff generator was monitor-
ed by a BF3 counter positioned under the large sample container.
Neutron output measurements were performed using copper activation
foils to obtain the 14-MeV neutron output per BF3 count, enabling
a BF3 count rate to be related directly to 14-MeV neutron out-
put, This method of monitoring the 14~MeV neutron output had
the disadvantages that, for a given l4-MeV neutron output,\the

BF4 count rate was sensitive to the sample material and to the
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amount of reflector material used.

Because of these disadvantages, a neutron monitoring
system eﬁploying a plastic scintillator and a Teflon sample¥®
 placed near the target (peutron source) was devised. The
plastic scintillator output is directed through a discriminator
which is adjusted (using a Pu-Be neutron source) to pass only
counts from neutrons whose energies are greater-than about 9

18

MeV. The F™ activity in the Teflon produced by the Flg(n,Zn)

Fl8

reaction (Q = -10.4 MeV) is gross-counted using a NaI(Tl).
well-crystal. Both the plastic scintillator and the Teflon -
are calibrated using copper activation foils so that a scin-
tillator count rate can be related directiy to 14-MeV neutron
output. Since these two methods are sensitive only to high-
energy neutrons, they are independent of sample material and
reflector thickness,

The plastic scintillator is also used during the setup
of the capture gamma-ray runs to monitor the neutrons produced
between pulses. This is done to ensure that the neutron
generator is pulsing correctly and not producing appreciable
dark current (neutrons between pulses). Using the plastic
scintillator, it is found that the dark current from the Van
de Graaff is negligible for a 40-sec pulse width but frequently
is high for a 10 psec pulse width. Although the generator

which will be used in the combined experiment uses about a

* Suggestednbyiw. R. Mills, Mobil 0il Corporation.
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10-usec pulse width (the Sandia generator exhibits negligible
dark current when operated at a 10-usec pulse width), the Van

de Graaf was operated primarily with a 40~-usec pulse width,

C. Timing

To obtain the capture and cyclic activation gamma-ray
spectra, the Van de Graaff was operated at a pulse rate of about
500 per second. As mentioned above, the pulse duration was 40-
wsec. The combination capture gamma-ray and cyeclic activation
spectrum was obtained by sampling during the period 20 - 254
i.sec after each neutron pulse while the c¢yclic activation
spectrum was obtained by sampling during the period 1370 - 1604
pwsec after each pulse (i.e., just before each pulse). The
electronics used to accomplish this sampling are described in

Section ITII, of this report and in Reference 5.
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III,  CORRECTION OF ELECTRONIC DEGRADATION
OF THE SPECTRAL DATA

Degradation of the gamma-ray spectrum had been evident
under the following two conditions:(6) 1) if the sampling was
begun within 100 usec after the end of the neutron burst, and
2) if thehneutron output was greater than approximately 7000
néutrons per pulse, This degradation consisted of a general
deterioration of energy resolution as well assuch an unsua11§ large
number of counts in the low-energy region of the spectrum that
gamma lines below about 1 MeV were completely obscured.

These spectrum-degradation problems were traced to the
manner in which the ND 130 multichannel analyzer was used. In
review, the slow, low-level pulses from the preamplifier were
amplified and shaped by a Tennelec TC 200 amplifier. The
resulting O-to 10-V bipolar pulses were applied to the pulse
height analyzer. In addition, a signal from the analyzer
sequence switch was applied to the coincidence input of the
analyzet to activate the analyzer at the desired times after
each neutron burst (see Figure 341). Since the pulses entering
the analyzer appeared to be normal, undistorted, bipolar pulses,
the analyzer itself became suspect and the pulse~handling
capacity of the ND 130 was studied in detail. The results of
this study are outlined by the series of oscilloscope traces
presented in Figures 3-2 and 3-3.

Tf a 10-V bipolar pulse is presented to the analyzer,
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the input circuitry clips the negétive poftion off (by using of
a diode), attenuates, and inverts the pulse. A negative pulse
of 1,7~V amplitude results at the input of the analog to digital
converter (ADC). Associated with this pulse, however, is a
positive overshoot followed by a negative avershoot. The
negative overshoot has a very‘long time constant (see Figure 3-2d).
After a delay of 30 psec, the amplitude of this overshoot is _
still 0.1 V (which corresponds to a gamma equivalent of 600 keV,
if a 10-V input pulse at the analyzer corfésponds to a 10-MeV
gamma ray, as is typical), and becomes negligible only after
about 100 psec. This characteristic of the ND 130 is indeed
troublesome because the preseﬁcé of this overshoot at the time
of application of an enable level to the coincidence input is
immediately interpreted as a gamma pulse of the corresponding
“magnitude and is therefore analyzed and stored. Also, if a
gamma-ray pulse is superimposed on this overshoot at the time
of application of an enable level, the sum of the gamma-ray
pulse and the overshoot is analyzed and stored. This yields
spurious high-energy counts and reduced energy resolution. For
these reasons, sampling sooner than 100 pusec after the end of
a neutron burst results in spectral distortion (high low~energy
count rate and reduced energy. resolution).
| if the input signal is unipolar rather than bipolar, this
" negative overshoot is eliminated (see Figure 3-3a and b). There-
- fore, for applications such as the capture gamma-ray experiment,
iﬁ'is mandatory that the input pulse to the analyzer be unipolar.

11T RESEARCH INSTITYTE
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The manual for the ND 130 warns that,in coincidence op-
eration in those situations where an enable level arrives at
the coincidence input but no detector signal oécurs, a memory
cycle will normaliy be produced by the transient generated by
the closing of the linear gate. Thus, a memory cycle is initiated
for each sampling period (two for each neutron pulse) whether
or not a signal pulsé is present. |

As a result of the above investigation, a new pulse-
handling system was devised (see Figure 3-4) and is presently
being used. A unipolar pulse is used at the input of the ND
130 and an external linear gate is used to select the pulses
reaching the analyzer. This system has the desired propefties:
1) the long-term overshoot in the ADC is eliminated by the use
of the unipolar pulse at the input of the ND 130; 2) the internal
coincidence circuit is not used; and 3) bipolar pulses can be
and are used prior to the biased amplifier where the pulse count
rates may be high.

This new pulse system has been used with and without the
low-level discriminator (LLD) indicated in Figure 3=4, 1If the
linear gate is strobed by the LLD while the enable level from
the analyzer sequence switch is present, the signal is allowed
to enter the ND 130. Without the action of the LLD the possi-
bility exists that the linear gate will open while the "tail"
of a preceding pulse is present. Experimentally,‘we ha&e .
observed no discernible difference between spectra obtained

with and without the LLD requirement. Apparently the count

11T RESEARCH INSTITUTE
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rates involved are sufficiently low that the probability of a
‘M"tail" being present when the linear gate opens is small,

| Figure 3-5 shows a capture gamma-ray spectrum of granite
obtained using the system described above and the geometry
described in Reference 5. This spectrum was obtained with a
" short delay (50 pusec after the neutron pulse) and with high-
neutron output per pulse (11,140 neutrons/puise). The gamma
rays in the région below 1 MeV are no longer maéked, the energy
resolution of the spectrometer is normal; and the extraneous
high-energy peaks are eliminated. It is believed that the

spectrum degradation problems have been solved.

11T RESEARCH INSTITUTE
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IV.  EXPERIMENTAL RESULTS

Capture, inelastic, and cyclic activation gamma-ray
spectra were obtained from large basalt and granite samples.
The samples and the methods used to obtain the spectra were
discussed in Section II. The capture and cyclic activation
spectra were obtained using several reflector thicknesses in
order to ascertain the advantage of each thickness. The in-
elastic spectrum from basalt was obtained with and without the
presence of the reflector to establish the compatability of the

inelastic and capture experiments.

A. Capture and Cyclic Activation Spectra from Basalt

Figure 4~1 shéws the high~energy capture and cyclic
activation gamma-ray spectra from basalt obtained using an
8-cm-thick paraffin reflector located above the neutron source,
The pulse rate was 493 pulses per second, the pulse duration
was 10 usec, and the output was 3420 neutrons per pulse,

Although, as noted in Section II, the dark current was frequently
high when the pulse width was 10 usec, the dark current was not
excessibe for any of the spectra shown in this section, regardless
of the pulse width used. Capture gamma rays from iron, titantium,
calcium, silicon, sodium, and hydrogen have been identified in
curve A (combined capture plus activation spectrum) of Figure

4-1. Most of the hydrogen capture gamma rays present in this

}1T RESEARCH INSTITUTE
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spectrum originatéd in the paraffin reflector. Curve B (cyclic

The low-energy capture apd cyclic activatioﬁ'gammawray
spectra from basalt is shown in Figure 4-2. These spectra,
obtained under. the same conditions as those of Figure 441, show
the presence of iron, titanium, calcium, silicon, and hydrogen.
Again the hydrogen capture gamma rays are from the paraffin
reflector.

To obtain the pure capture gamma-ray spectra, each cyclic
activation spectrum was subtracted from the corrvesponding com-
bined capture plus activation spectrum (i.e., curve B was subtracted
from curve A in Figures 4-1 apnd 4-2). Thé results of these sub-
tractions are shown in Figures 4-3 and 4-4. 1In the low-energy
region the subtraction results in the enhancement of the 1.91-
MeV line from calcium and the 1.39-MeV titanium line through
the removal of the silicon activation lines and the natural
background, The oxygen activation lines are removed from the
high~energy spectrum thereby enhancing the silicon and calcium

lines.

B, Effect of Neutron Reflector

The spectra shown in Figures 4-1 through 4~4 were obtained
using an 8~¢m—thick reflector located above the neutron source.
The purpose of this reflector is to utilize a portion of the 14-
MeV neutrons normally lost to the atmosphere by reflecting them

back toward the sample. Since these reflected neutrons are of
' 11T RESEARCH INSTITUTE
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lower energy, the thermal neutron flux on the surface of the
sample is increased.

In order to determine the effects of different reflector
thicknesses, capture and cyclic activation gamma-ray spectra
were obtained from basalt using three reflector thickness
(0 cmy, 4 cm, and 8 cm). The other conditions under which the
spectra were obtained were identical. 1In each case the area
under the 7.6-MeV iron peak in the capture gamma-ray spectrum
was obtained together with the area under the 6.1-MeV oxygen
peak in the cyclic activation spectrum. The computer program
GAUST, which is discussed in Section V, was used to obtain these
areas. Table 4-1 shows the results 'of the measurements. Ex-
amination of these results indicates that a 4-cm-thick reflector
increases the intensity of the capture gamma rays by about 75
percent and an 8-cm-thick reflector increases their intensities
by about a factor of 2.5. Neither reflector affected the 14~MeV
flux on the surface of the sample, as evidenced by the constant
area under the oxygen peak for the different reflectors.

Table 4-1
EFFECT OF REFLECTOR THICKNESS

Reflector Area Under Area Under

Thickness Iron Peak Oxygen Peak
(cm) (counts) (counts)
0 605 + 118 1098 + 76
4 1077 + 107 968 + 87
8 1628 + 226 1023 + 72

11T RESEARCH INSTITUTE
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C. Detection of Hydrogen

As indicated in the discussion of Figure 4-1, the use of
a hydrogeneous reflector causes an intense hydrogen capture
gamma~ray peak in the spectrum, thereforeidetection of hydrogen
in the sample was impossible. Since the detection of hydrogen
is of prime concern to the capture gamma-ray experiment and the
use of a neutron reflector is beneficial to the experiment, a
study was made to determine how the detection of hydrogen could
be accomplished using capture gamma rays without forfeiting the
use of a neutron reflector.

Figure 4-5 shows the capture and activation spectra from
basalt obtained using a 4~cm-thick polyethylene reflector located
above the neutron source. Figure 4-6 shows the capture and
activation spectra from basalt obtained under the same conditions
as those of Figure 4-5 with the exception that no reflector was
used, 1In Figure 4-6 the 2,22-MeV hydrogen capture gamma-ray
peak is due solely to hydrogen in the basalt sample, while in
Figure 4-5 it is due to both the sample and the reflector. A
comparison (after normalization to a common thermal neutron flux
by means of the number of counts in the 7.6-MeV iron capture
gamma-ray peaks) of the areas of the two hydrogen peaks indicates
that 44 + 13 percent of the counts in the hydrogen peak in the
spectrum obtained using a 4 cm reflector is due to the reflector

with the remainder coming from the basalt sample,

11T RESEARCH INSTITUTE
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Figure 4-~7 shows the spectrum from basalt obtained under
the same conditions as for Figure 4-5 with the exception that
a 4-in.-thick lead shield was located between the crystal and
the polyethylene neutron reflector. The purpose of the lead
shield was to prevent hydrogen capture gamma rays originating
in the reflector from reaching the crystal (4-in. of lead
attenuates the 2.22-MeV hydrogen capture gamma rays by about
a factor of 200). A comparison (after normalization to a common
thermal flux) of the spectra obtained with and without the iead
shield indicates that to within statistical error (2028 + 475
counts for Figure 4-7 vs. 2703 + 475 for Figure 4-6) the number
of counts in the hydrogen capture gamma-ray peaks in both figures

_are the same.

The results of the above measurements indicate that the
detection of hydrogen can be accomplished using capture gamma
rays without forfeiting the use of a neutron reflector if the

~crystal is shielded from the gamma rays produced in the reflector.
Aside from the beneficial effect of eliminating the counts due
to gamma rays produced in the reflector, this shield appears to

have no effect on the capture gamma-ray spectrum.

D. Inelastic Spectrum from Basalt

In order to determine what effect the neutron reflector
has on the inelastic spectrum from basalt, inelastic spectra

were obtained both with an 8-cm-thick polyethylene reflector

" 1IT RESEARCH INSTITUTE
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and without any reflector. To obtain these spectra the Van de
Graaff was operated at 8870 pulses per second with a 10-usec
pulse duration. Figure 4-8 shows the inelastic spectrum obtained
from basalt using an output of 84 + 9 neutrons per pulse and no
reflector. Figure 4-9 shows the corresponding spectrum obtained
using an output of 65 + 12 neutrons per pulse and an 8-cm-thick
polyethylene reflector.

A comparison of these spectra indicates that the reflector
does not affect the spectral shape of the inelastic spectrum,
A comparison (after normalization to a common 14-MeV output)
of the intensities of the 6.1-MeV oxygen peaks in the two spectra
shows that, within statistics, the intensities are the same
(522 + 82 counts using the reflector vs. 650 + 133 using no
reflector). The above results indicate that the use of a neutron
reflector affects neither the shape nor the intensity of the

inelastic spectrum.

E. Capture and Cyclic Activation Spectra from Granite

Figure 4-10 shows the combination capture plus activation
spectrum from granite. To obtain this spectrum an 8~cm-thick
paraffin reflector was located above the neutron source. The
pulse rate was 493 pulses per second, the pulse duration was
10 pusec, and the neutron output was 2490 neutrons per pulse.

Capture gamma-ray peaks from iron, aluminum, sodium, silicon,
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and hydrogen have been identified in this spectrum. Again, most
of the hydrogen capture gamma rays are from the reflector.

The cyclic activation spectrum from granite is shown in
Figure 4-11& This spectrum was obtained .concurrently with
Figure 4-10 so that the conditions under which it was obtained
are identical to those for Figure 4-10. Cyclic activation peaks
from oxygen and silicon are present in this spectrum together
with background peaks from potassium~40, natural thorium, and the
uranium-238 chain.

,A comparison of the combined capture plus activation
spectra from granite and basalt is shown in Figure 4-12. The
two spectra were taken under similar conditions, the only
difference being in the neutron outputs used. It is evident
that these spectra are markedly different - the capture gamma
rays dominate the basalt spectrum, while activation gamma rays
from oxygen and silicon and background gamma rays are the dominant

features of the granite spectrum,

F. Spectrum From Basalt Obtained Using Ge(Li) Detecg&$

The combined capture plus cyclic activation spectrum
from basalt was obtained using a5-cm> Ge(Li) detector. This
spectrum, shown in Figure 4-13, was obtained using a pulse
rate of 760 per second and a 40-usec pulse duration, and an
output of 4.3 (+ 0.5) x 104 neutrons per pulse. A 4-cm-thick

polyethylene neutron reflector was located above the neutron

IIT RESEARCH INSTITUTE

19



source, and the gamma rays from the reflector were shielded
from the detector by a 4-in. lead shield (see Figure 4-14).
Comparison of this spectrum with the corresponding
spectrum obtained using a NaI(Tl) detector (Figure 4-5) shows
the effect of using a higher resolution detector. Many of the
peaks which were unresolved in the NaI(Tl) spectrum appear as
single peaks in the Ge(Li) spectrum. Hydrogen, which’was
detected in the NaI(Tl) spectrum, is not present in the Ge(Li)
spectrum, probably because the detection efficiency of the
5 cm3 detector is about at its minimum for this energy region.
However, manganese-56 is observed in the Ge(Li) spectrum while
it does not seem to be present in the NaI(Tl) spectrum. The
quality of the spectrym in Figure 4~13 is not optimum since
the detector was quite small and the neutron output was not

optimized for this type of detector.
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V. COMPUTER ANALYSIS OF GAMMA-RAY SPECTRA

Neutron capture, inelastic scatter, and, to lesser degree,
cyclic activation produce complex gamma-ray spectra. Each
spectrum contains peaks that are characteristic of the material
being inspected. It is the purpose of an analysis scheme to
determine the source (the element) and intensity (relative
abundance) of the gamma-ray lines which cause these peaks. If
we assume the efficiency of the detector is known, the quantity
of interest is the number of pulses recorded from full~energy

interactions caused by a particular gamma-~ray.

A, Peak Intensity and Position

To determine the intensity of a given peak from the pulse
height spectrum is generally not a simple problem. The peak
must be located and identified, the background must be precisely
taken into account, and the statistical fluctuations must be
rigorously considered. A literature search was conducted to
find existing computer programs for the analysis of complex
gamma~-ray spectra which are directly applicable to our data or
which could be modified for use at our computer facility.

Of the several methods we have studied, the one which
seems most suitable for the analysis of spectra from this
experimental program is the method developed by Trombka and
his associates.(7? This method uses a library of standard pulse

height spectra with source energies from zero to the equivalent

e
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of maximum pulse height in increments which are small compared

to the peak width (as determined by the resolution of the detector).
It locates peak positions (to an accuracy determined by the ’
magnitude at the increments) and determines peak intensities.

The library of standard spectra up to source energies of 3 MeV

is now available from Goddard Space Flight Center, but the

standard spectra from 3 Mev to 8 Mev (which are needed for the

data analysis of this experimental program) will not be available
for some time. .

Until the complete library becomes available and the
method is thoroughly tested, a less suitable method of data
analysis will have to be used. Consequenfly, two programs
(PIKPEEK and GAUSS) have been adapted for our use. Program
PIKPEEK(S) scans gamma-ray spectral data and locates the peaks
if the resolution function of the spectrometer is specified,
PIKPEEK has been applied to capture gamma~ray spectra and it
successfully located most, if not all, the peaks and shoulders
that could be located visually. This code is not being used
at present, but may be of future use when data are being analysed
by computer on a routihe basis.

Program GAUSS(Q) determines peak intensities and precise
locations if an initial estimate of the peak position is known,
GAUSS assumes that the region being analyzed is composed of
a Gaussian shaped peak plus a linear background, We have
modified GAUSS for use with our data. This modification consists
of several extensions which are described in the following paragraphs.
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The first modification simply provided for a description
of the background by using a quadratic function instead of a
linear function, GAUSS was originally programmed for the
analysis of large peaks of low-energy gamma lines superimposed
on a relatively small background. A linear approximatibn to
the background was adequate. Our application requires the
analysis of small peaks of high;energy gammas superimpased on
a relatively large background. Consequently, a better approximation
of the background is necessary,

The initial attempt ét“using a quadratic background did
not provide a good fit to the data on the lower energy side of
the peak for high energy peaks (6 to 7 MeV), One cause of the
lack of fit is the Compton edge which is present with full-energy
peaks at these high energies. An additional parameter was
included which takes into account this Compton edge, It was
also noted that the high-energy tail of the first escape peak
at these energies perturbs the shape of the full-energy peak,
Therefore, an additional parameter was included to account for
the effects of the first escape peak,

The two parameters mentioned in the previous paragraph
were included in the program by substituting them for the
parameters o, and o, which were used in the original program
to account for small departures of the peak from a true Gaussian
shape. These departures are negligible compared to statistical

fluctuations unless the peak is quite large.
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Mathematically, the modifications discussed so far can
‘be described as a change in the function representing the

number of counts i in channel Xy from

‘ 2
Ks = X,

3 Y3

| , ! ) |
1+ alj(xi - Xj) + azj(xi - Xj) (1)

to

; . 2

’ X. ~ x-
y.=ax.+b+c,x?+2h. exp | ~4 1112"""]':—"'—'1
i i iy W

+ gj exp | -4 1n2 - N -
J

£0

2 .
+ f. f exp | -4 In2 - (z _ X'L,+ e 2 dz [1n2 | (2)
j

Wj Wj T

i
The summation is over the number of peaks. The program can
accept 10 peaks with the limitation that the number of parameters
to be fitted should not exceed 50. Our experience, however, has
been limited to the analysis of one peak at a time. The parameters

to be fitted are the background parameters a, b, and ¢ plus

five parameters for each peak:
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hs,

X35 the peak center

the peak width (FWHM)

the peak height

gj’
fj, the Compton edge parameter,

the escape peak parameter

The quantities x, and x, are the displacements of the escape

e
peak and Compton edge, respectively, from the full-energy peak,
These are input quantities replacing m; and m,.

The modifications gave a much better fit to the data on
the low-energy side of the full-escape peak and resulted in a
lowered value for chi-squared, which is a measure of the goodness-
of-fit.

To provide for initial values of the background parameters
and of the heights of the full-energy peaks (which are necessary
input to GAUSS), the program was modified to incorporate a
linear least squares computation of these initial values. An
accompanying revision in the program allows one to select
whether these initial values shall be given as input data or be
calculated by the program, The revision also allows the initial
values of'gj and fj to be calculated in the same manner as the
initial value of Wj in the original wversion.

These revisions have resulted in a data-analysis program
(designated GAUST) which has been satisfactory for the analysis
of peaks from iron (7.6 MeV(, oxygen (6.1 MeV), hydrogen (2.2
MeV), and silicon (1.8 MeV), |
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B, Mathematical Smoothing of Gamma-Ray Spectra

Often, experimental data are used to determine the para-
meters which describe a physical situation. Examples of these
are the area of a peak in a gamma~ray spectrum and the description
of the background upon which the peak is superimﬁosed.

A technique that could successfully remove the statistical
scatter from observed gamma-ray spectra would be of considerable
aid in data interpretation. One type’of data convolution(10'13?
that has been widely used for many years has been studied to
determine its benefits and its limitations, This method computes
a new value of each datum in the spectrum based on a least-squares
fit of a polynomial to a small region of the raw data, (Details
of the method have been described by Savitzky and Golay.(lz?).

The resulting data points are known as the convoluted or smoothed
data, The statistical error in each datum point can be reduced
appreciably by this technique, and the spectra do appear superior
as demonstrated by the two curves in Figures 5~1. The points in
curve A are the original data points and the curve drawn through
these points represents visual smoothing of these data points.
Curve B shows the data points. after mathematical smoothing was
performed on the original data.

Least-square fitting programs (e.g., GAUST) are often
used to calculate various parameters of a spectrum (e.g., area
under a peak). The question then arises, '"Can the accuracy of

an estimated value of a parameter be improved by using the
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smoothed data instead of the experimental data, and if so, how
great is the improvement?'" The following discussion is addressed
to this question.

Assume that the following relationship describes a physical

situation
M
y = mzl aom fm(x)a (3)

where the M values of the parameters a,, are unknown and are
to be determined by I measurements of y at different values

of x using equal spacing. Thus x; = x; + (i-1)Ax. Denote the
corresponding true values of y by Yoi and the measured values
by y;. The probability that one of the measured values falls

between y, and Yi + dy is

2
P(Yi)dyi = exp ["(Yi - Yio) /20‘3271] dyi/(l/-Z? Oyi) . &)

Using a least-squares fit to the measured values of the

y;» @ set of estimated a of the parameters a, is obtained:

O

I ' 2
2 _ ..
Z i £,0)] /o2, = minimm. (5)
The weights, 1/651, may be demoted by w; for convenience.

The minimum condition 1leads to

5 [yi -3 e fm(xi)] w; £,0x;) = 0. 6)

1
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For simplicity, let us assume that these weights are
nearly the same for all the I channels and can (to a first

approximation) be considered equal. Then letting

I
one has
z ml oz [ x) (8)
a = 2 F 2 [ p: y.] ’
m ey mk i=1 k17 7

where the F%% are the elements of the matrix resulting from
the inversion of the symmetric matrix defined by Equation 7.
Since the y; are statistically independent, the square

of the deviation in the estimated a_ is given by

2 -1

_ -1 [ 2']
o =3 2 F F > 0f .) £ .) O, . 9
a 7k fm “km i E(Xl) k(xl) yi (9)

Since the weights are considered equal, 63 is independent
of i, and one obtains
o = o2 pt o (10)

a. y ~mm

Now suppose that the data are smoothed before applying
the least-squares fit, Consider a smoothing over 2q + 1

channels with normalized weights Pg> Pi> °°°> Py such that
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Pyt 2(py + oyt orekp) =1 . (11)

Another set of estimates of the parameters a,, can then

be obtained. This set can be denoted by a_ . The smoothed

data points, Ygi» are given by

q
, = .+ .
Yei = Po¥i jil PyGi-g + V450 (12)
and a_ 1is therefore given by
%n = 2 T [f(x ) v - (13)

Since the Yqi are mot statistically independent, the
square of the deviation of a smoothed parameter cannot be
written using a formula similar to Equation 9. However,
Equation 13 can be written in terms of the i which are

statistically independent:

-1
a . = i Fox z £(x4) [? y; + z Py (ys_j y1+jii} (14)
This equation can be expanded and rearranged to obtain

1

Bam = 3 Faic 3 [Pofel®) * 3 By feley_y)
J
+ ? pj fk(xi+j)] y; * residual terms. (15)
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Let fsk(xi) = p, £ (x;) +:;: Py fk(xi_j) +? P, fk(xi+j). Thus
one can write '
- -1 : .
agm = i ka ;V: fsk(x,i) ¥y + residual Cerms] . (16)

It can be shown that the sum of the residual terms is
small because the number of channels used in the smoothing,
2q + 1, is generally much smaller than I. Moreover, it consists
of equal numbers of positive and negative terms.

One can, therefore, approximate acm by

~ -1 ' :

Now that a, is written in terms yi» We can write the

m
square of the deviation of a_ in terms of the deviations of

the y,:
2 _ 2 -1 -1
Gasm Gy % i Fik Fok ? fsﬂ(xi) fsk(xi) ° (18)
We now wish to compare cﬁ with og to see if the former

sm m
is less than the latter, i.e., to see if smoothing reduces the

deviations in the estimates of the a,me
The functions fk(xi) are usually taken to be smooth
functions with no discontinuities. In such cases the smoothing

of these functions will not change them appreciably:
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? fsﬂ(xi) fsm(xi) =4 ? fﬂ(xi) fm(xi)' (19)

Using this approximation,

2 . 2 -1_ 2
a =0y me Uam o (20)

Therefore, smoothing does not increase or decrease the deviations
in the estimates of the parameters a_ . This conclusion, of
course, is valid only if the assumptions and the approximations
upon which it is based are valid. Restating these assumptions

and approximation:

1. The experimental data y; are statistically

independent and have equal deviatioms, cy.~

2. The functions fm(x) are smoothly varying with no
discontinuities.
3. The summation ; £, (x;) [poyi + ? pj(yi_j + yi+ji]

can be replaced by ; Yi { P fk(x ) + Z P [?k(xl_ .)

o+ fk(xi+jii}

Restating the conclusion, the use of smoothed data
rather than raw data in analyses by such programs as GAUST
does not reduce the deviations in the estimates of such parameters
as peak area. Therefore, the usefulness of this type of smoothing
appears to be limited to aiding the visual inspection of the data

since the statistical fluctuation can be significantly reduced.
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VI. DEVELOPMENT OF THE COMBINEﬁ{ﬂEUTRON—EXPERIMENT

DETECTOR PROBE

IIT Research Institute was assigned the task of designing
and fabricating the probe to be used with the neutron generator
built by the SANDIA Corp. To accomplish this fask, decisions
were made concerning various experimental parameters. These
included choosing a suitable material and shape for the fast-
neutron shadow shield, determining the reflector thickness
necessary to obtain good capture gamma-ray specta, and determin-
ing whether shielding would be necessary to eliminate electro-
magnetic interference.

(14) and are summarized

These initial studies are complete
below. The probe has been designed and fabricated, and capture
gamma-ray, cyclic activation, and inelastic spectra have been

obtained.

A. Selection of the Fast-Neutron Shadow Shield Material

The first screening of possible shield materials was
based on the fast-neutron-removal cross section. For a minimum
length shield, the macroscopic-removal cross section (Zr) should
be large. Ho%ever, for a minimum weight shield, the mass ab-
sorption coefficient (ur) should be large. As a compromise
between weight and length considerations, the product oy Zr was

used as a measure of a material's desirability,
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Four other characteristics were then examined for each
of the elements. These were (1) fast-neutron activation, (2)
thermal neutron activation, (3) thermal neutron capture gamma-
ray production, and (4) gamma-ray absorption ati2 MeV.

No one material was found to be ideal. ﬂickel, ruthenium,
zinc, and molybdenum emerged as the four most promising materials.
Nickél was eliminated on the basis of its somewhat large capture
gamma-ray production rate. Ruthenium is not reédily available
and zinc is activated more readily by fast neutrons. Molybdenum
was chosen as a possible compromise material that would not be
objectionable to any of the techniques in the %ombined neutron

experiment,

B. Refleqtor Thickness

The probe has been designed and constructed to provide
reflector thicknesses of 0, 4, and 8 cm. Before a final decision
can be made regarding the neutron reflector thickness, experimenta-
tion will be necessary in which all three thicknesses will be
used in conjunction with the three models - basalt, dunite, and

granite.

C. The Detector Shield Assembly

The probe provides a can-shaped assembly to house the
3 in. x 3 in. NaI(Tl) detector. The inner diameter of this can

is 3.875 in., which should be adequate for the space qualified
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detector (its diameter is not expected to exceed 3,79 in.)
Thermal neutron shielding of the detector is provided ‘

by 50 mg/cm2 of lithium-6 (about 99 percent attenuation for
thermal neutrons) in the form of lithium fluoride which is
contained in the walls and end of this assembly, A removable
graded shield consisting of 0,125 in. of lead and 0,062 in, of
tin is available for around the detector. With this shield in
place, virtually ali gamma rays and X~-rays with energies below

200 keV are attenuated.

D, The Sandia Neutron Generator

The Sandia Generator designated type 26C (Figure 6-1)
was received in February 1968. The unit was tested in both
the low-frequency high-output mode and the high-frequency
low~output mode to determine the operating characteristics of
the generator and its acceptibility for the capture gamma-ray
experiment,

In the low-frequency high-output mode, neutron production
per pulse in excess of 8000 was readily attainable with virt-
ually no neutron production between pulses. The pulse rate was
varied from 400 to 500 pulses per second with no apparent affect
on the neutronproduction per pulse, Stable operation was at-

tainable down to about 1000 neutrons per pulse,
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In the high~frequency low-output mode a neutron production
per pulse of 1000 was attainable again with virtually no neutron
production between pulses. The pulse rate was varied from
1000 to 5000 pulses per second with'no apparent affect on the
neutron'peruction per,puiéé;'3Sfabi§‘opefation was attainable
down to about 200 neutrons per pulse.

It was‘found,,howevér, that the volTage multiplier in
the SANDIA neutron generator produced electromagnetic inter-
ference which degraded the spectral data. Shielding of the
generator, the crystal preamplifier, and the photomultiplier
tube with electromagnetic shielding material was found to
eliminate this interference. 1In the probe, the photomultiplier
tube, the preamplifier, and the neutron generator are all

shielded with electromagnetic shielding material,

E. General Probe Configuration

Since the thickness of the hydrogenous neutron reflector
material to be used is still uncertain, the basic geometry of
the probe was designed to accommodate both a 4-cm- and an
8-cm-thick polyethylene reflector. A general view of the probe
with no reflector is shown in Figure 6-~3,

The direct shield interposes 6.5 in., of molybdenum

between the neutron source and the crystal, This provides the
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same total neutron removal cross section as 6 in. of copper.

A cylindrical shape is used for the back 4.5-<in. portion of

the direct sheild to absorb the hydrogen capture gamma rays
produced in the lucite and oil contained in the neutron generator.
For 2-MeV gammas, the transmission of 4.5 in, of molybdenum is
less than 1 percent or about the same as that of 3.25 in. of lead,

The centerline of the probe is 2 5/8 in, from the sample

surface, This dimension is determined by the overall size of

the shielded Nal crystal which rests almost on the sample surface,
The distance from the neutron source to the center of the crystal

is 11 1/4 in,

F. Weight of thgf’rototype Detector Probe

The weight of the probe, including the neutron generator

and 3 in. x 3 in. NaI(Tl) detector, in the three configurations

is:
1. Without Reflector = 52 Pounds
2. With the 4~cm Reflector - 65 Pounds
3. With the 8-cm Reflector = 86 Pounds
G. Data Acquisition Using the Probe

A series of operational tests of the prototype detector
probe were made using the basalt model. Capture gamma-ray,
cyclic activation, and inelastic scattering spectra were obtained
and compared with the spectra which were obtained using our
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standard setup and procedure.

A sample of the capture gamma-ray and cyclic activation
spectra is presented in Figure 6-4, These spectra compare
favorably with those obtained with our standard configuration
(see Figure 4-1). The moiybdenum shield effectively removes
the hydrogen cabture gamma rays produced in the moderator, and
no extraneous lines due to molybdenum have been noted in the
spectra,

The inelastic scattering spectrum'obtained with the
probe (Figure 6-5) again compares favorably with the spectrum

obtained with our standard configuration (Figure 4-9).
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VII. SUMMARY

Substantial improvements in the capture gamma-ray spectra
were evident as a direct result of modifications made to elec~
tronics used in obtaining the spectra. Degradation in the
energy resolution as well as the abnormally high low-energy
count rate have been eliminated.

Capture gamma~-ray, cyeclic activation, and inelastic
scatter spectra were obtained for samples of basalt and granite
An effort made to modify the experimental procedures to permit
the detection of hydrogen by the capture gamma~ray technique
was successful, and hydrogen was detected in basalt, The table
below summarizes those elements that have been identified in

the basalt and the granite sample,

Table 7-1
ELEMENT DETECTED IN BASALT AND GRANITE

H Fe 58 0 AL Ti Na Ca Mg
Basalt ¢ ¢,s <c¢,a a,s 8 c c(?) ¢ s
Granite c c,a a c c

c = capture gamma rays
a - cyclic activation

s = inelastic scattering (basalt only)
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A prototype of the combined neutron experiment probe has
been designed and fabricated. The unit incorporates the Sandia
Neutron Generator type 26C, a neutron reflector, a 3 in, x 3 in,
NaI(Tl) detector and appropriate neutron and gamma-ray shielding,
After an extensive study, molybdenum was selected as a reasonable
material for use as a shadow shield. Molybdenum does not appear
to interfere significantly, if at all, with any of the experiments
in the combined neutron experiment. The capture gamma-ray,
cyclic activation, and inelastic spectra obtained using the
probe compare well with those obtained with our standard Van
de Graaff apparatus,

A considerable effort is being made to apply computer
techniques to the analysis of the complex capture gamma~-ray
spectra, After studying a number of computer programs, Dr.
Trombka's approach(7) appears to be most readily applicable.
Unfortunately, the necessary library of response spectra is not
complete., In lieu of this code, the areas of individual peaks
are being determined using GAUST, a modified wversion of GAUSS,
The inclusion into GAUST of the pertubations to a Gaussian
distribution as the result of the Compton edge and first escape
peak allows the program to be applied to peaks throughout the
energy range of the capture spectrum.

A few spectra (capture plus activation) have been ob~

tained using a small (5 cm3) lithium-drifted germanium detector
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in place of the sodium iodide detector. These preliminary runs

indicate that this approach holds tremendous potential. Data

analysis becomes nearly trivial and the interference between

elements is essentially eliminated.
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APPENDIX

SAMPLES OF THE DIGITAL DATA OBTAINED DURING THE
TEST OF THE COMBINED-NEUTRON-EXPERIMENT PROBE
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(a) Input to ND 130 Pulse Height
Analyzer

nmnl:ni“I Vere.
UTET -

Horiz.

(b) Input to ADC (Actual Pulse to
be Analyzed )

(d) Input to ADC

Figure No. 3-2

OSCILLOSCOPE TRACES OF EFFECTS OF BIPOLAR PULSE ON

ND-130 PULSE HEIGHT ANALYZER
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Figure No. 4-12

COMPARISON OF BASALT AND GRANITE
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Figure No. 5-1
- COMPARISON OF SMOOTHED AND UNSMOOTHED SPECTRUM
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Figure No. 6-2

VIEW OF THE COMBINED-NEUTRON- EXPERIMENT DETECTOR PROBE (No Reflector)



Figure No. 6-3

VIEW OF THE COMBINED-NEUTRON-EXPERIMENT DETECTOR PROBE (8 cm Polyethylene)
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